The Hamiltonian of traditionally adopted ("Unruh-De Witt") detector models features out of diagonal elements between the vacuum and the one particle states of the field to be detected. We argue that reasonably good detectors, when written in terms of fundamental fields, have a more trivial response on the vacuum. In particular, the model configuration "detector in its ground state + vacuum of the field" generally corresponds to a stable bound state of the underlying theory (e.g. the ground state-hydrogen atom in a suitable QED with electrons and protons) and therefore should be also an eigenstate of the model Hamiltonian. As a concrete example, we study a consistent "fundamental" toy field theory where a stable particle can capture a light quantum and form a quasi-stable state. To such stable particle correspond eigenstates of the full theory, as is shown explicitly by using a dressed particle formalism at first order in perturbation theory. We then write the corresponding Hamiltonian for a model detector (at rest) where the stable particle and the quasi-stable configurations correspond to the two internal levels, "ground" and "excited", of the detector. The accelerated version of this detector is inevitably model dependent i.e. it will generally depend on how the stable-particle/detector is consistently forced along the accelerated trajectory. However, if we attempt to mimic the usual derivation of Unruh effect by using our alternative model detector, no radiation is seen along any type of trajectory.
The observer-dependence of the particle content of a quantum state in general background spacetimes is believed to be captured, in essence, by the Unruh effect [1] , according to which even the Minkowski vacuum is seen as a bath of thermal particles by an observer in accelerated motion. Among the many independent derivations of this effect (see, e.g. [2] for a nice review), the more operationally based consists of modeling a particle detector and calculating its response along an accelerated trajectory. A model detector is a quantum system whose states live in a product Hilbert space H D ⊗ H φ (i.e. detector and field) and provided with an Hamiltonian operator H m = H 
where σ is a self adjoint operator acting on H D and φ is the scalar field to be detected. The coupling (1) is meant to imply that the detector is a localized object following the trajectory x(t). Straightforward generalizations of (1) are obtained through smearing functions of compact support and can describe detectors of finite size and appropriate shape. In the simplest scenario, the quantum field φ is otherwise free, i.e. H † . A striking feature of this traditionally adopted detector is that the vacuum state of the field, |0 , is not an eigenstate of (1), due to the presence of the creation operators c † k inside φ. Accordingly, if the system is initially prepared in the configuration |0 D ⊗ |0 , there is always a non vanishing transition rate to a state of type |E D ⊗ |one particle at finite times, regardless of the state of motion of the detector. In the interaction picture, and at first order in perturbation theory, the amplitude for this process reads
where
and τ is the proper time along the trajectory considered. If the detector is at rest
; only for t → ∞, i.e. t ≫ 1/∆E, does A become proportional to a delta function of the positive quantity ∆E + w, and therefore vanishes. This behaviour is generally interpreted as the expected asymptotic response of a good detector: no response in the vacuum when at rest. On the opposite, 1 Here and in the following "at rest" implies "with respect to the inertial Lorentz frame under consideration" |A| keeps staying above zero along accelerated trajectories, which is a manifestation of the Unruh effect. Note that transitions at finite-time and the Unruh response itself are both 2 consequences of the non-vanishing out of diagonal elements k|φ|0 of the interaction Hamiltonian (1).
Let us first consider in detail the case of a detector at rest. The possibility that it may "click" at finite times in the vacuum -and possibly "erase" the record eventually -looks mysterious. One may object that the detector should be considered as clicked only if |A k (t)| stays definitely above zero in the future. Still, we may think of coupling the detector to a larger apparatus with decoherence times t d ≪ 1/∆E, in such a way that the transition is very rapidly amplified and recorded. This would give rise to dark counts which, however, in real detectors are generally ascribed to thermal noise or to some kind of systematics and never considered of such fundamental origin.
Here we argue that realistic detectors have a more trivial response on the vacuum. An elementary and reasonable detector one may think of is hydrogen atom that, by absorbing a photon, can make a transition to an excited state. We can think of a consistent QED theory with two Dirac fields of opposite charges (electrons and protons) and appropriate masses; the hydrogen atom in its ground state is arguably contemplated in the spectrum of that theory as a stable bound state. When written in terms of fundamental fields, we therefore expect the idealized state |0 D ⊗ |0 to concretely correspond to a stable state, i.e., strictly, an eigenstate, of the full Hamiltonian: this is what the unexcited hydrogen atom is in QED and the Unruh detector is not in the above described model. It is plausible that even more realistic detectors, such as a block of germanium crystal, correspond to stable bound states in appropriate QED-like theories.
The amplitude (1) is clearly analogous to the usual perturbative calculation of S matrix elements; in that formalism, under the consistent assumption of adiabatic switching of the interactions, asymptotic in-and out-states are borrowed from the free theory. Take a λφ 4 theory as an example; the interaction contains terms of the kind a † a † a † a † and, as in the case of the Unruh detector, the Hamiltonian features out of diagonal elements of the type four particles|H|0 . The latter, however, are just the matrix elements between the unphysical states of the free theory: we know that λφ 4 has stable vacuum and single-particle states and that, if written in terms of those, the full Hamiltonian has, by definition, only diagonal elements. One would come to wrong conclusions if the states of the free theory were used to study finite-time processes.
The above reasoning brings us to postulate, as necessary for a good model detector, that the configuration "unclicked detector + vacuum", |0 D ⊗ |0 , be an eigenstate of the Hamiltonian
of the model at rest. We will refer to that as the Frog Principle 3 . In order to make our point stronger, in the following we consider a toy "fundamental" field theory where a stable particle plays the role of the detector in its ground state and the detection process corresponds to the capture of a light particle and the formation of a meta-stable state 4 . We will then provide a two-level effective detector model faithfully reproducing the detection rates of the fundamental theory and satisfying the Frog Principle.
Beside the already introduced light field to be detected, φ(x) of mass m (sector "C" of the theory), we therefore introduce two other neutral scalars, χ(x), of mass M (sector "A"), and η(x) of mass M (sector "B"). We choose a simple interaction of the type 
In the above expression
is the volume element on the momentum shell. Creation and annihilations operators have been introduced in the usual way and satisfy usual commutation relations. In the picture we have in mind φ is a light field (m ≪ M, M ) that can be captured by a A-particle and form a B meta-stable state. The mass difference ∆M = M − M is therefore supposed to be of the same order as -but slightly bigger than -m, M > M + m. In order to allow a perturbative treatement, the coupling µ is taken much smaller than the other masses, µ ≪ m. Particles A and C are stable. C cannot decay to anything else for kinematical reasons. On the other hand, the process A → 2C is not allowed by the form of the interaction: formally, the discrete symmetry φ → −φ, χ → −χ, η → η +permutations is protected.
We aim to give an effective description of the ABC dynamics in which sectors A and B are described as "internal" to the model detector and in such a way that the transition amplitudes are faithfully reproduced. The one-particle sector A is the detector in its ground state. The excited detector is described instead by the meta-stable configurations of the B sector. With the above assumed relations among the mass parameters, the decay rate of a B-particle is Γ B ∼ µ 2 ∆M/M 2 . At the expense of detector's efficiency, we can assume B's lifetime τ B ∼ 1/Γ B to be long enough for the detector to be considered as "permanently clicked" for all practical purposes.
As announced, we want the A sector of this theory to correspond to the state |0 D ⊗ |0 of the model detector. However, a † k |Ω (here |Ω is the vacuum state of the "fundamental" field theory, as opposed to the vacuum |0 of the field φ in the detector model (1)) is an eigenstate of the free theory but not of H I , due to the presence in (6), e.g., of terms such as ab † c † . On the other hand, we know that the A-particle is stable and therefore corresponds to a set of eigenstates also in the full theory. Such states can be expressed, order by order in perturbation theory, through a "clothing" or "dressing" transformation 6 . For this purpose, we act with a unitary transformation U on the whole Hilbert space,
be eigenstates of the full Hamiltonian. On the opposite, b † d |Ω d won't be an eigenstate cause B-particles are unstable; similarly, two-particle dressed states are not eigenstates because they scatter. Following [7] , we write U = e R , where R is an antihermitian operator, R = R − R † that can be written at first order in µ in terms of the bare operators. We make the ansatz
where the F s are functions of the moduli k 1 , k 2 and k 3 , regular on the momentum shell Terms of this type would make the A-particle decay into B + C and therefore are not physical.
Note that, by setting 1/F 4 = (−w(
, we can get rid of the corresponding terms inside H I .
Other terms in H I get contributions similar to (8) , except that the energies w, W and E appear in different combinations i.e. with appropriate relative signs. Crucially, we cannot get rid of the term ab † c, a † bc † , since the corresponding combination of energies, w(k 1 ) − W (k 2 ) + E(k 3 ), vanishes on a subset of the momentum shell and the function F 3 would be singular there. Note that bare and dressed particles are bound to give the same S-matrix elements and decay rates, since the "good terms" such as ab † c, a † bc † can only get harmless corrections that vanish on the energy shell! By setting F 3 = 0 in (7) we get the following dressed interaction Hamiltonian (here and in the following we drop the d suffix for notational convenience: all creation and annihilation operators from now on are "dressed"):
A drawback of this formalism is that it gets rather involved at higher orders in perturbation theory [8] . Moreover, while making the stability of the A and C sectors manifest, it "hides" Lorenz invariance. The interaction (9) cannot be recast in the form d 3 xV (x). However, Lorentz invariance is still guaranteed, since the dressing transformation U preserves the commutation relations among the generators of the Poincaré group.
We are now ready to build our detector. We first specify the state of the theory that matches the state |0 D ⊗ |0 of the detector model. In momentum space this will be expressed 7 by
It is not too restrictive to choose the detector at rest in a spherically symmetric configuration centered around some point in space x, i.e. g(k) = g(k)e −ikx , g(k) being a real function. As this state may well describe a macroscopic object, we can also assume the momentum fluctuations to be small compared to its mass (or, equivalently, the spatial extension to be much larger than the Compton wavelength). This is accomplished by a distribution g(k) non vanishing only for k 2 ≪ M 2 , which makes the above state also an approximate eigenstate of the free evolution. In order to study detector's response we now populate also the C-sector and consider the state |ψ = |g A ⊗ |0 B ⊗ |f C , where |f C = d 3 kf (k)c † (k)|0 C and now f can be centered around some k = 0. Still, we take the energy of the particle to be detected much smaller than the mass of the detector, so that typically f (k) is nonzero only for E(k) ≪ M. In interaction picture the evolution of |ψ reads |ψ(2t)
is, in form, very similar to (9), with the difference that the operators inside the brackets get a phase factor, i.e. e iΩt a k
for the creation of a B particle of momentum k thus reads
In the above formula k a = k − k c . Under the above assumptions, the functions g, f cut the high momenta in the integral, so that we can make the following approximations:
We now want to consider as "detection" all possible final states of the B field, regardless of the small recoils k that the A-B particle gets from the C particle. When we integrate the squared amplitude (11) to get the detection probability P (2t) = d 3 k|A k (2t)| 2 , there appears an interference term of the form d 3 kg
; this term cannot be reproduced by detector models where such recoil is just ignored. However, it looks reasonable to assume that f be much less spread than g, since the spread in the momenta is naturally weighted by the respective masses. Under this assumption, and recalling that g(k) = g(k)e −ikx , inside the expression for P (2t) we always have g(|k
, and so we can put d 3 kg
In other words, the configuration g(k) of the A particle becomes ininfluent in the process whenever the light quantum has a much more definite momentum. Therefore, in the detector model that follows, the x variable is effectively coarse-grained by the typical spread 1/∆k c of the particles that are detected. In the limit where f (k c ) = δ 3 (k c − k particle ) the x dependence drops from the rate and the detector is affectively "everywhere". The two integrals inside P (2t) factorize and we finally obtain
Our model detector has to reproduce the same detection rate for a generic initial state |0 D |f , where |f = d 3 kf (k)c † (k)|0 is the field state in the model. This is achieved through the effective interaction Hamiltonian H
where φ + (x) and φ − (x) are the positive and negative energy part of the relativistic field φ, φ
− and the energy gap inside the detector is ∆E = ∆M. The above detector model, derived from a consistent field theory, clearly obeys the Frog Principle, as the state |0 D |0 is stable and no transitions can possibly occur at any finite time. Our derivation is fully consistent in the case of a detector at rest, since this is the natural trajectory of the A-particle under the only influence of the fully relativistic Hamiltonian of our toy field theory (3)- (6) . In order to study what happens under acceleration, one should consider, case by case, how this acceleration is consistently induced on the particle/detector 8 . However, we can attempt to mimic the usual derivation of the Unruh effect by using formula (2) with the interaction Hamiltonian (13) and where the trajectory x(t) is just "forced" to be accelerating. For this purpose, we can consider a family of detectors like (13) by boosting our effective Hamiltonian at arbitrary velocities (equivalently, by boosting the state of the A-particle in the fundamental model-theory). This is very easily done, since φ + and φ − are relativistic invariants. We can then take as a prescription that at each point along an arbitrary trajectory, the Hamiltonian of that family, with corresponding velocity, applies. Clearly, this still gives a null result on |0 D |0 , since arbitrary trajectories would only produce arbitrary phases in front of the two operators in (13) in the interaction-picture Hamiltonian H I m (t). Although derived from a "fundamental theory" (3)-(6), the model here considered is, obviously, highly idealized. What is perhaps most peculiar in it is that the very presence of our detector (the dressed A-particle) leaves the quanta to be detected (the φ field) in their vacuum state. This is not the case e.g. for the hydrogen atom, whose very presence automatically implies a non-vacuum configuration also for the electromagnetic field. There may be subtleties to take into account when acceleration is considered in those more realistic cases. Nevertheless, we think that our analysis calls into question the Unruh effect, at least in its claim of being universal and, so to say, intrinsic to the very nature of spacetime.
Unruh radiation has been studied in deep and from different perspectives. It's mathematical framework is very well defined and consistent. While satisfying or not the Frog Principle is clearly the main difference between our detector and the usually adopted one, what about all the other self-consistent and complementary derivations of the Unruh effect? We believe that localization (in the sense discussed throughout in [10] ) is, at a deeper level, the key to interpret those different results. Instead of modeling a detector possibly reflecting a prejudicial idea of locality, in this paper we have built one, with the required physical properties, out of a consistent relativistic field theory. As an outcome, the detector (13) is not "localized" in the usual sense because it doesn't couple with the relativistically invariant field φ. However, if we aim to give locality any operational meaning, "local" should be, by definition, those quantum degrees of freedom of the field theory that happen to couple to your fully consistent -and realistic -detector. We believe that this should be taken more seriously into account whenever, as in semiclassical gravity, the successful paradigm of quantum field theory is applied to the physics of spacetime.
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